In mammals, tissue regeneration is accomplished through a well-regulated, complex cascade of events. The disruption of the cellular and molecular processes involved in tissue healing might lead to scar formation. Most tissue engineering approaches have tried to improve the regenerative outcome following an injury, through the combination of biocompatible materials, stem cells and bioactive factors. However, implanted materials can cause further healing impairments due to the persistent inflammatory stimuli that trigger the onset of chronic inflammation. Here, it is described at the molecular, cellular and tissue level, the body response to a functionalized biomimetic collagen scaffold. The grafting of chondroitin sulfate on the surface of the scaffold is able to induce a pro-regenerative environment at the site of a subcutaneous implant. The early in situ recruitment, and sustained local retention of anti-inflammatory macrophages significantly reduced the pro-inflammatory environment and triggered a different healing cascade, ultimately leading to collagen fibril re-organization, blood vessel formation, and scaffold integration with the surrounding native tissue.
The ability to regenerate lost or damaged body parts is widespread among animal phyla and can vary intra and inter-species. Regenerative potential decreases with the increase of organism complexity and the capacity to fully regenerate the body is lost among adult vertebrates [1] [2] [3] [4] . Urodels are able to efficiently and entirely regrow lost limbs, tail, jaws, and retina. The physiological reasons behind this peculiar ability are still controversial. Different hypotheses have been made, focusing either on the plasticity related to the developmental stage/aging of the organism 5 , to the role of the adaptive immune system, or to the local inflammatory response 6 . Certainly, this regenerative response involves the complex interaction between a variety of different cell populations and components of the extracellular matrices (ECM), usually organized in a structure called blastema 7 . It has been proposed that macrophages (Mφ) are one of the key players in the process of regeneration. They are responsible for the initial reduction of inflammation, the remodeling of the extracellular matrix, and the de-differentiation of adult cells located near the wound 8 . Mammals have more limited capabilities than Urodels, although a transient and highly efficient regenerative process occurs, mainly triggered by progenitors cells, as reported for the digit tip and the closing of an ear hole punch and for the annual regrowth of deer antlers 9 .
Regenerative medicine aims at recovering the functionality of impaired tissues and organs through the use of various biological and tissue-engineered implants. Unfortunately, surgical implantation of both synthetic and biological materials may trigger a physiological host reaction, called foreign body reaction (FBR) 10 . Depending on the nature of the material (geometry, topography, and chemical and physical composition) or due to the host health conditions, FBR can be associated to infection, acute/chronic inflammation, and fibrous capsule formation Mφ play a pivotal role during FBR as well as in blastema formation, as they orchestrate all the steps by secreting biochemical mediators (chemokines, cytokines, and growth factors). There are different hypothesis to explain the mechanisms by which Mφ react to different implanted materials [13] [14] [15] . The more established mechanism involves the complement receptors in a simil-opsonisation process triggered by host protein adsorbed on the implanted material 16, 17 . Mφ complement receptors interact with either adsorbed proteins or immunoglobulins (IgG and IgM) in order to activate the opsonization process 18 . However, recent works describe a similar Mφ reaction and polarization, both in vivo and in vitro 19 , where the process of opsonization and protein adsorption do not happen. Despite the Mφ activation mechanism, there are many ways in which these events can be altered to boost the healing process reducing or eliminate fibrous tissue formation 20 . We hypothesized that the host reaction to an implant can be controlled through the early recruitment of Mφ into the scaffold and their in situ retention, along with the continuous induction of anti-inflammatory cytokines, leading to the formation of a pro-regenerative environment. In this study, we describe a biomimetic collagen scaffold functionalized with an anti-inflammatory macromolecule, chondroitin sulfate, to trigger a selected inflammatory environment that allows for the formation of a pro-regenerative environment. By modulating the response of immune cells we were able to induce the timely cascade of cellular and molecular events responsible for a functionally regenerative outcome.
Results and Discussion
Scaffold fabrication and implantation. A micro-porous collagen (CL)-chondroitin sulfate (CS) modified scaffold (CSCL, Fig. 1A ) has been fabricated by freeze-drying technique and functionalized with chondroitin sulfate through carbodiimide chemistry (Fig. 1B) . Scaffolds have been characterized by highly interconnected porosity and structured collagen fibers (Fig. 1C) . CS is a glycosaminoglycan mainly present in the extracellular matrix of cartilage and in the central nervous system, where it acts as a modulator of the synaptic plasticity 21 . In mammals its expression in response to an insult activates a protective mechanism that limits the spreading of the damage to surrounding tissues 22 . CS can bind and spatially localize growth factors and ultimately exerts a strong anti-inflammatory potential 23 . We previously demonstrated that the grafting of chondroitin sulfate moieties on the surface of the CSCL was sufficient to recapitulate the ECM of the cartilage tissue 15 , supported the immune-suppressive potential of bone marrow derived mesenchymal stem cells, and modulated macrophage phenotype, both in vitro and in vivo 24 . Based on these evidences, we hypothesized that CS could activate an alternative molecular and cellular machinery able to solve inflammation within a shorter timeframe and to create a regeneration permissive environment. To test this hypothesis, we implanted the CSCL scaffold in immune competent rats (Fig. 1D) , and monitored tissue response and molecular and cellular inflammatory biomarkers at different time points (1, 3 and 7 days) until the integration of the implant within surrounding tissues (3 weeks). The time points were chosen to follow the inflammatory process, marked by the influx of polymorphonuclear leukocytes normally replaced by mononuclear Mφ at day 1, which subsides within 3-7 days towards a constructive tissue reorganization 15 .
Cells infiltration and transitional ECM deposition. One day after implantation CSCL ( Fig. 2) and CL ( Figure S1 ) were entirely colonized by a dense layer of infiltrating cells ( Fig. 2A and Figure S1A) , not significantly different in number evaluated by flow cytometry (Fig. 2B) , with various morphologies (Fig. 2C) . Histology sections suggested that infiltrating cells came from the adjacent vasculature (Fig. 2D -inset and S1B) and actively started to deposit fibrous provisional matrix (Fig. 2E -yellow arrows and Figure S1C ). Significantly higher levels of fibronectin were detected in CSCL in comparison to unmodified collagen scaffolds (CL) at 1 day post-implant ( Fig. 2F and S1D, S1E, SIF), which is required for the early creation of a regeneration permissive environment at the implant site 8 . In fact, the natural response to any implanted material involves the initial deposition of fibronectin, a ubiquitous ECM proteins that is assembled into a fibrillary network after trauma and it has been reported to be essential to facilitate cell adhesion to biomaterial surfaces 15 and drive scar-free repair 25, 26 .
Selective gene expression of infiltrated cells.
Although the number of cells recovered from both scaffolds was not significantly different in number, the genetic profile of cells harvested from the explants showed remarkable differences between CSCL and CL (Fig. 3A) . The gene ontology analysis revealed that about 50% of the 26 genes analyzed were differentially expressed in CSCL compared to CL (Table 1) . Gene ontology analysis showed that up-regulated genes in CSCL were associated with regulation of Mφ chemotaxis (i.e. Ccl2, Ccl5, Ccr1, Ccr2, Ccr4, Ccr6, Ccr8, Cx3cl1, Cxcl9, Il6ra, Cxcl11, Il-4) (p-value: 5.9E-18), while down-regulated genes were associated with a reduced inflammatory state. The analysis of the protein profile revealed a rapid induction of myeloid chemotactic chemokines (CINC-1, CINC-3, and MIP-3a) in presence of CSCL compared to CL (Fig. 3B) , which was also reported by Godwin J. W. et al. and described as the most distinctive feature in the early phases of salamander's limb regeneration 8 . Interestingly, in mammalian models of limb amputation, the massive recruitment of anti-inflammatory Mφ and early tuning of the immune microenvironment has been also shown to be responsible for the formation of a transient stage, represented as the interface between two distinct events, the adult wound healing response and developmental processes 9, 27 . Flow cytometric analysis of cells from the scaffolds demonstrated that 1-day post implantation Mφ were the most represented population (95%) throughout the CSCL scaffold, whereas a mixed cell population was observed in CL (Fig. 3C) . Mφ can exhibit a pro-and anti-inflammatory phenotype depending on the local tissue environment 28 . In the classic model of inflammation after injury, the accumulation of Mφ has been reported somewhat later, with a peak between day 3 to 7, and a progressive and significant decline by day 10 to 14 28 . Qualitative and quantitative (Fig. 3D,E) analysis showed that the Mφ population infiltrating CSCL was predominantly associated to anti-inflammatory phenotype (IL-10 + / CD206 + Mφ). A significant reduction in the percentage of Mφ expressing the pro-inflammatory marker iNOS was also observed in CSCL compared to CL. The total number of cells harvested from the CSCL was reduced overtime (Fig. 4A ) and correlated to the presence of fibronectin matrix observed at the interface with the scaffold, together with the augmentation of collagen deposition (Fig. 4A, magnifications) . Further analysis confirmed qualitatively ( Fig. 4A ) and quantitatively ( Fig. 4B) these observations, revealing that although the cell number was significantly decreased at day 7, a persistent presence of Mφ displaying the anti-inflammatory phenotype (IL-10 + /CD206 + Mφ) was observed between 3 and 7 days post implant (Fig. 4D) . Consistently with the activation of specific chemotaxis-associated pathways 29 , only 5% of the cells were positively stained for the pro-inflammatory marker iNOS, as revealed by flow cytometry (Fig. 4C) .
Moreover, at day 3, the levels of chemoattractant chemokines (CINC-1, CINC-3, CINC2α/β, MIP3α) analyzed by proteomic array were still significantly higher than the control ( Figure S2 ), but markedly decreased by day 7 (Fig. 5A) . We hypothesized such reduction to be correlated to a potential resorption of the fibronectin network in CSCL scaffolds as compared to the control (CL) ( Figure S2 ). To test this correlation, we evaluated the levels of fibronectin at day 7 and we found that the CL scaffold was still filled by a fibronectin matrix, which surrounded population of cells that were still infiltrating the entirety of the scaffold. On the contrary, in CSCL the fibronectin was replaced by the deposition of stable ECM as highlighted by broad blue area in the histological images. We then elucidated the role of the early infiltration of anti-inflammatory Mφ, into the scaffold, their retention in situ, and the simultaneous release of anti-inflammatory cytokines as part of a distinct regenerative program activated by the CSCL scaffold. To understand how the persistent presence of anti-inflammatory Mφ could influence the inflammatory status, quantitative PCR was performed on the cells isolated from the scaffolds 3 and 7 days post implantation and showed a significant (p < 0.01) down-regulation of markers associated with pro-inflammatory events (Il-6, Il-β, Tnf-α and iNos, Fig. 5B ). Taken together these findings suggest that the immune-modulatory role of CSCL, allowed the activation of a differential immune response that allowed the early recruitment and retention of anti-inflammatory Mφ, which in turn led to the resolution of the acute inflammatory phase following surgical implantation.
Scaffold remodeling and integration. We also evaluated whether the regeneration-permissive environment created by our biomimetic scaffold had a long-term effect in terms of blood vessel morphogenesis, collagen fibril organization and the scaffold's integration in the surrounding tissue. We isolated the areas within and surrounding the scaffold 21 days post implant and analyzed the de novo deposition and organization of the extracellular matrix 30, 31 . The histomorphometric analysis showed complete integration of the scaffold within the tissue with a 100% histomorphometric index 32 (Fig. 6A) . The scaffold integration into the native tissue was also suggested by an area of highly vascularized connective tissue (Fig. 6B) , which was beneficial to increase blood supply and is required to permit exchange of oxygen and nutrients between the implant and the body 33 . The histological analysis of the CSCL 21 days after implant showed increased new vessels formation compared to CL. Also, the immunohistochemical staining of CD31 (PECAM1) revealed an increase of positive cells in the tissue sections obtained from CSCL (Fig. 6C,D) , suggesting the successful integration of the scaffold within the surrounding tissue 3 . The majority of the CD31 + cells was associated with histologically mature vascular structures, distributed across the entire scaffold thickness (Fig. 6B) , and was accompanied by a thorough remodeling of the surface of the scaffold (Fig. 6E) , and at the interface with the surrounding native tissue.
We propose that the biomimetic properties of the CSCL triggered an early cascade of events that ultimately influenced the production of functional blood vessels, culminating in the increase of vascular density and collagen fibrils organization, as shown by immunohistochemistry and qPCR arrays. The same features were not observed in CL samples. In fact, CL scaffold was not sufficient to control the host response following the implant showing a consequent failure in the integration with the surrounding tissue (Fig. 6A) .
To confirm the occurrence of neo-angiogenesis we also analyzed the presence of collagen IV, an important component of the basal lamina of mature vessels 34 . Western blot analysis demonstrated an increased presence of Collagen IV in the CSCL compared to its CL counterpart, with the concomitant marked reduction of deposited fibronectin ( Figure SF3 ). As mentioned above, fibronectin deposition in ECM is tightly regulated during the regenerative process 35 . The decrease of the fibronectin matrix in CSCL was indicative of a reduced fibrotic scarring and suggested the successful integration of the implant 36 ( Figure SF4 ). To further corroborate these findings, we assessed the expression of 84 genes involved in the wound healing and regeneration process. Statistically significant changes in the expression of 28 genes were detected in CSCL compared to CL (33% variation, Table 2 ). A differential expression was observed in genes belonging to the biological processes involved in tissue restoration, such as blood vessel morphogenesis (Vegfa, Pten, Ccl12, Pdgfa, Ctgf, Ctnnb1), tissue homeostasis (Col14a1, Ctnnb1, Ctgf, Fgf7, Vegfa), collagen fibrils organization (Col14a1, Col5a2, Col3a1, Col1a1, Col1a2), and wound healing (Col1a1, Fgf7, Igf1, Hbegf, FGA, Plg, Pdgfa, Timp1) (Fig. 7) . The observed scaffold integration and the neo-angiogenesis confirmed the progression toward the tissue-remodeling phase following the activation of anti-inflammatory molecules 11, 37 . This study provides a comprehensive analysis of the molecular, cellular and tissue events occurring over time at the site of implant of a biomimetic scaffold able to guide the immune response towards an anti-inflammatory environment. These events were probably triggered by the combination of chemical (scaffold composition and surface chemistry) and structural (pore size and interconnected porosity) cues that are known to favor the localization of growth factors with anti-inflammatory potential 38, 39 , thus promoting cells' infiltration and retention throughout the scaffold thickness, respectively 33 . The modification of the collagen scaffold with an immune-modulatory molecule (CS) enhanced the recruitment of Mφ with anti-inflammatory phenotype, and reduced the infiltration of detrimental pro-inflammatory leukocytes. We demonstrated that the down-regulation of the inflammatory signaling cascade triggered by anti-inflammatory Mφ was able to accelerate the initiation of the regenerative process 40 and to lead to blood vessel formation, collagen fibril re-organization and scaffold integration. A schematic description of the regenerative events induced by the CS functionalization (hard line) is reported in Fig. 8 . The early occurrence and shorter duration of the events activated by CSCL implantation is depicted in comparison to the well-established sequence of events occurring in the physiological wound healing process.
Our study is a proof of concept demonstration that by tuning the early events occurring at the scaffold/tissue interface, it is possible to affect the final outcome of a tissue engineering implant.
Conclusions
This study paves the way for the design and improvement of immune modulatory tissue engineering approaches aiming at expediting the process of wound healing toward faster implant integration to achieve a functional tissue restoration. The evidences we provided suggest that the chemical and structural properties of an implantable biomimetic material are sufficient to stimulate the body toward tissue healing. The anti-inflammatory and structural features of the CSCL presented in this study indicate that this scaffold was able to recruit immune cells soon after the implant, retain them at the site, and tune their phenotype to avoiding the immunological rejection observed when CL is crosslinked with other agents and achieve complete incorporation into the tissue.
Materials and Methods
Scaffold preparation. Collagen Table 1 . Over-and under-expressed genes in 24 h CSCL in vivo implant compared with CL profiled on proinflammatory cytokines and receptors PCR array.
scaffolds were subsequently cross-linked (CSCL) for 4 h at 37 °C using 50 mM 2-(N-morpholino)ethanesulfonic acid, 5 mM 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC), 5 mM N-Hydroxysuccinimide (NHS). Scaffolds were rinsed twice for 1 h with 0.1 M disodium phosphate, and 6 times for 24 hours with 2 M sodium chloride, and finally with distilled water to remove residual EDC. Scaffolds were air dried and sterilized by UV irradiation for 30 min under laminar flow hood and equilibrated in culture medium at 37 °C for 5 hours before being used.
Scanning electron microscope. Scaffolds were dehydrated with ethanol solutions (30%, 50%, 75%, 85%, and 95% each for 2 hours), and placed overnight in a dryer at RT before being coated by 7 nm of Pt/Pl for examination on an FEI Nova NanoSEM 230. The average pore diameter of the scaffolds was measured from SEM images (n = 5). For each image, 20 different pores were randomly selected and their diameters were measured using Image-J software. Histological and immunohistological analysis. Constructs were washed in PBS, fixed with 3.7% formaldehyde in PBS overnight, dehydrated through a graded series of ethanol solutions, embedded in paraffin, and sectioned at a thickness of 10 μm. For histological observation, sections were deparaffinized, rehydrated, stained with Trichrome Stain (Abcam; ab150686), and analyzed by Nikon Histological Microscope (Eclipse Ci-E/Ci-L/ Ci-S). The NIS-Elements software was employed to quantify cell infiltration, collagen deposition and vascular density. Immunofluorescence analysis was performed on adjacent 10-micron sections to assess the expression and the immunolocalization of IL-10 (Bioss bs-0698R), CD206 (Biorbyt), iNOS (Abcam ab3523), CD31 (LSBio LS-C43480) and Anti-Rat Macrophages (Macrophage Marker Monoclonal Antibody (HIS36), PE Catalog Number A18516, Invitrogen). After cooling for 4 hours at RT, the slides were rinsed in PBS for 15 minutes and blocked in 10% goat serum and 0.3% Triton X-100 (Sigma-Aldrich) for 1 hour at RT and then incubated overnight with the primary antibody at 4 °C. Subsequently, the slides were incubated with the secondary antibody for 2 hours. The iNOS, IL-10 and CD206 primary antibodies (1:100 in blocking solution) were detected by incubation for 2 hours at RT with DK Anti-Rb 555 (1:500) secondary antibody (Life Technologies), and then rinsed three times with PBS. CD31 and Anti-Rat Macrophages, directly conjugated antibodies, were incubated in the dark for 2 hours at RT after the blocking step. The air-dried slides were mounted in fluorescent mounting media containing DAPI (Prolong Gold; Invitrogen-Molecular Probes) and imaged with a Nikon Histological Microscope.
SEM samples preparations.
Three samples/animal group were evaluated by SEM. The samples were washed twice with a 0.1 M sodium cacodylate buffer for 10 min. All the samples were fixed overnight at 4 °C with glutaraldehyde 2.5%, paraformaldehyde 1% in PBS (pH 7.4). Dehydration was achieved using a graded series of ethanol solutions (25%, 50%, 70%, 90% and 100% for 10 min/each). Specimens were mounted on metal stubs and stored in a vacuum desiccator for 48 h. In order to perform the SEM analysis (FEI Quanta 400 ESEM FEG), the samples were sputter coated with 7 nm of Pt/Pd with Plasma Sciences CrC-150 Sputtering System (Torr International, Inc) and imaged at 10 kV. Cytokine and chemokine proteome profiling. The Rat Cytokine array panel A (R&D system, Minneapolis, MN) was employed for the profiling of the chemokines and cytokines secreted upon CL and CSCL scaffolds implantation. This array allows the detection of 29 different molecules. We collected and quantified the proteins adsorbed on the scaffolds using the procedure described above (Bio-Rad). The results were obtained using the manufacturer's instruction. The protein array images were scanned and pixel density analyzed by Molecular Imager ChemiDoc XRS System + Image Lab Software v.4.1 (BioRad). The experiments were performed in triplicate.
Flow cytometry. Flow cytometric analysis was performed on immune cells infiltrating into the scaffolds at 1, 3 and 7 days from implant. To harvest cells scaffolds were digested with collagenase type I (2 mg/ml prepared in Hank's Balanced Salt Solution with calcium and magnesium, Life Technologies) for 30 min at 37 °C. Cell suspensions were filtered through 70 µm nylon mesh (BD Biosciences) to remove cell clumps and scaffold debris, spun at 500 g for 5 min, and fixed with 70% EtOH. After fixation, cells were washed with FACS buffer (BSA 0.1%). Cells were labeled with anti-CD45 (BioLegend), anti-macrophages (eBiosciences) anti-CD206 (Biorbyt). Intracellular staining for IL-10 (Bioss) was performed using a commercial kit for cellular fixation and permeabilization (BD Biosciences). All analyses were based on control cells incubated with isotype-specific IgGs or IgM to establish 
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Profiler PCR Array and Bioinformatic analysis. Total RNA was extracted from explanted CL and CSCL scaffolds using Trizol reagent (Invitrogen), and purified to eliminate genomic DNA, protein and organic contaminations using the RNeasy Mini Kit (Qiagen). The concentration and integrity of all RNA samples were assessed using the NanoDrop ND-2000 spectrophotometer (NanoDrop Technologies). cDNA 
